Purpose. To investigate the feasibility of quantitative parameter extraction from a mathematical model fitted to renal artery magnetic resonance flow data.
INTRODUCTION
Renal artery stenosis is a well known cause of high blood pressure. However, recent studies suggest that renal artery stenosis may also be a cause of impaired renal function and renal failure (1) . X-ray digital subtraction angiography (DSA) has long been considered the gold standard for the diagnosis of renal artery stenosis. Although providing images with high spatial resolution, the technique is limited to a few two-dimensional projections, making assessment of a suspected stenosis difficult. The X-ray DSA method is also invasive and employs nephrotoxic contrast agents that might cause permanent renal failure in a patient with impaired renal function (2) .
In contrast with X-ray DSA, three-dimensional gadolinium-enhanced magnetic resonance angiography (3D-Gd-MRA) provides several advantages, in particular for patients with renal failure or transplanted kidneys (3) (4) (5) (6) (7) . The procedure is non-invasive and the gadolinium-based contrast agents used in 3D-Gd-MRA are not nephrotoxic when the correct dosage is used (2, 8, 9) . The clinical value of 3D-Gd-MRA is now well documented (10) (11) (12) (13) (14) . Two recent metaanalyses have shown sensitivity and specificity values above 90% and an ROC area of 0.99, respectively, relative to the reference method invasive angiography (15) (16) . Recent technical developments in 3D-Gd-MRA acquisition technique include the introduction of time-resolved sequences and injection protocols tailored to the specific acquisition scheme (17) (18) (19) . For presentation of results, new methods for adapting volume rendering protocols to the varying grayscale in MR images have been proposed (20) (21) .
Although 3D-Gd-MRA produces images with lower spatial resolution than X-ray DSA, MR imaging can be used to acquire projections in any three-dimensional plane. In addition, functional information about blood flow, flow pattern and renal perfusion may be obtained in one single examination. The diagnostic information is therefore not limited to morphologic changes alone.
In particular in cases where the morphological findings are equivocal, renal artery blood flow data may provide valuable additional diagnostic information. A number of studies have demonstrated reduced mean flow in the renal arteries in patients with renal artery stenosis and this has been proposed as a way of predicting the outcome of angioplasty (22) (23) (24) (25) (26) . However, since the mean flow through the renal parenchyma remains fairly constant even for severe renal artery stenosis due to the autoregulatory capacity of the kidney (27) , the mean flow parameter alone may not be sufficient for classification of a stenosis as hemodynamically significant. Hence, it may be relevant to study not only the mean value of the blood flow, but also its temporal course during the cardiac cycle. However, it is not immediately clear how to quantitatively assess differences in flow waveforms which may be visually quite obvious.
It has been shown that patients with renal artery stenosis have lower diastolic flow, more damped systolic peaks and longer wave duration (28) . Schoenberg et al have in several papers investigated the use of blood flow profile curves as a method for diagnosis of renal artery stenosis (29, 30, 31) . These curves are divided into four characteristic sections, from which relevant diagnostic information can be inferred (Figure 1 ). The findings most typical for flowlimiting renal artery stenosis are reduction in mean flow (when compared to the aorta) and delay or absence of the early systolic peak. The loss or delay of the early systolic peak is considered a more sensitive marker for renal artery stenosis which can be detected before the reduction in mean renal artery flow occurs (30) .
Figure 1. Schematic of a renal blood flow profile curve (drawn by free hand after Schoenberg et al (29), with permission). The blood flow curve shows an early systolic peak (A) followed by an "incisure" (B), a midsystolic peak (C) and a diastolic phase (D).
As long as the analysis of the shape of blood flow profile curves is carried out visually it is, in contrast to quantitative analysis of mean flow or mean velocity, subject to interobserver variability. By fitting a mathematical model to the curve data using non-linear regression, it could be possible to extract quantitative parameters corresponding to the visual findings, hopefully eliminating one source of measurement variability. The ideal model is one that includes the necessary parameters, such as delay, duration and amplitude of the early systolic peak, without being too complex.
The aim of this study was to investigate whether it is feasible to use a mathematical model to extract quantitative parameters from MR blood flow curves. This may in the future prove useful for diagnosis and quantification of renal artery stenosis.
MATERIALS AND METHODS

Subjects
The study material consisted of two groups of subjects. The first group consisted of 8 patients, 2 females and 6 males aged 49-82 years with a mean age of 69.8 years. In this group, all patients had a serum creatinine level of 150-300 μmol/L (1.7-3.4 mg/dL) and had drugtreated hypertension with >160 mmHg systolic blood pressure and/or >90 mmHg diastolic blood pressure. They also had a clinical suspicion of renal artery stenosis according to one or several of five criteria: general vascular disease (previous coronary disease, cerebrovascular disease, symptomatic lower extremity atherosclerosis), sudden onset or exacerbation of hypertonic disease, unmanageable hypertonic disease despite treatment with three drugs, hypertonic disease with retinopathy grade III or IV or rise in serum creatinine in response to treatment with angiotensin-converting enzyme (ACE) inhibitors or angiotensin II receptor (ATII-R) inhibitors. Renal artery stenosis was confirmed in all eight patients by means of CT angiography as more than 50% diameter reduction of one ore both of the renal artery lumina (32) .
The control group consisted of 8 subjects, 6 females and 2 males, aged 39-62 years with a mean age of 51.6 years with no suspicion of renal artery disease who went through 3D-Gd-MRA as part of investigations prior to kidney donation. In all these cases, the morphological findings at 3D-Gd-MRA were normal.
Informed written consent was obtained from every subject.
Image acquisition and flow data extraction
The examination procedure was carried out on a 1.5 T scanner (Philips Intera Achieva Nova The quantitative flow measurements were planned on the Maximum Intensity Projection (MIP) images of the first dynamic 3D-Gd-MRA scan of the aorta and the renal arteries as well as on the b-TFE images. The acquisition slice was placed perpendicular to each vessel. If a stenosis was seen on the MIP images, the slice was, whenever possible, placed proximal to the stenosis, where disturbed flow is expected to be less pronounced. However, in cases with very proximal stenoses, the slice was instead placed several cm distal to the stenosis to avoid the frequently turbulent region immediately downstream (33) . The subject was allowed to breathe freely during the acquisition, which took approximately 2 min (depending on the heart rate).
The 2D phase-contrast cine images were transferred to a workstation (Philips ViewForum) and analyzed by means of contour detection. In brief, an ellipse was drawn on free-hand around the vessel of interest, and the program then determined the boundaries of the vessel and extracted flow values (in ml/s) from each of the 32 phases, thus automatically adjusting for variations in vessel position during the cardiac cycle.
Model fitting and analysis
The data was then entered into a curve fitting program (WinCurveFit 1.1.8, Kevin Raner Software) on a PC/Windows workstation. The program uses the quasi-Newton DavidonFletcher-Powell algorithm when performing non-linear regression.
The mathematical model used in the curve fitting is described in Eqn. 1, Figure 2 and Table 1 .
The model consists of three components in addition to the baseline value. The first hyperbolic tangent function corresponds to the ascent of the systolic peak, the second, negative hyperbolic tangent function corresponds to the descent of the systolic peak and the third, Table 1 . The curve is plotted using the mathematical model and therefore differs somewhat from the curve in Figure 1 .
The model was fitted to the aortic and renal artery blood flow data from each subject. Initial values were entered for each data set by the first author (in some cases several initial values were tried until an acceptable fit was obtained). The aim was to produce a curve as close to the data points as possible. The fitted curves were then evaluated for goodness of fit based on the R 2 value, and R 2 values of at least 0.80 were considered acceptable.
For each study group, mean values of the parameter estimates were calculated. In the patient group, the renal artery with significant stenosis was used for calculation of mean values. In this group, one patient was excluded on account of the R 2 value being less than 0.80. In the control group, the right renal artery was used for calculations.
Statistical analysis was performed with unpaired Wilcoxon tests and with a stepwise logistic regression model predicting Normal or Stenotic finding from the 8 estimated parameters. This calculation was performed with JMP 6.0 (SAS Institute Inc, Cary, NC, USA). 
RESULTS
In the eight patients, who all had a stenosis reducing the diameter of either renal artery by at least 50%, four patients had a normal contralateral renal artery, whereas four had an artery with a diameter reduction less than 50%. In no case were there bilateral morphologically significant stenoses. Five of the patients had accessory renal arteries; in those cases the largest vessel on either side was used for flow measurements.
In total, sixteen subjects with 3 data sets each were analyzed in this study. The mean values of the cross-sectional area and number of pixels in the areas used for flow measurements are shown in Table 2 . Three data sets from three different patients yielded an R 2 value less than 0.8 and were considered unreliable for parameter extraction and hence excluded from the subsequent analysis. (23) A summary of the measured blood flow data is presented in Table 3 .
MIP 3D-Gd-MRA images and flow curves of three of the subjects, considered as normal, pathological, and inconclusive, respectively, are shown in Figure 3 , Figure 4 and Figure 5 .
Curves based on the mean values of the estimated parameters for the two groups are shown in Figure 6 .
Comparing parameter values between the two groups, significant differences were present for a (baseline flow; p<0.01), which was lower, and h (time for post-systolic incisure; p<0.05), which was higher for the stenotic renal arteries than for those of normal controls. The amplitude of the systolic peak (b) had a tendency toward lower values for stenotic arteries (p=0.053). The stepwise logistic regression resulted in a model with two significant independent variables: a and d (duration of acceleration) (both p<0.01). As seen in Figure 7 , the combination of these two parameters was able to accurately predict normal or stenotic finding in all 14 cases. Table 3 . However, it is important to make clear that no physiological assumptions have been made concerning the renal blood flow profile and the model and its parameters. Therefore, it
Figure 3. Coronal 3D-Gd-MRA MIP image of subject with morphologically normal renal arteries (A). Flow curve from the right renal artery (B).
Figure 4. Patient with right-sided significant stenosis and left-sided non-significant stenosis, coronal 3D-Gd-MRA MIP image (A). Flow curve from the right renal artery (B).
Figure 5. Patient with renal artery stenosis in the right artery, not well seen in coronal MIP image (A) but clearly visible in axial MIP image (B). Note accessory artery on left side. The patient was diagnosed with polycystic renal disease. Flow curve from the right renal artery resulting in an R 2 value of 0.75 (C).
Figure 6. Plotting of Eqn. 1 using calculated mean parameter estimates shown in
Solid line shows estimates with stenosis (most diseased side), dashed line shows estimates without stenosis (right renal artery).
Figure 7. Plot of estimated a and d values for stenotic arteries (most diseased side) and normal controls (right side). The dashed line denotes the border between the regions where the logistic regression model predicts stenosis and normal finding, respectively.
remains to investigate what diagnostic conclusions can be drawn from these parameters.
Image acquisition and curve calculation
The flow measurements in this study were made with ECG triggering and with the patient breathing freely. While this ought to produce some blurring of the images, it was assumed that an acceptable mean value of the flow over the cross-sectional area was obtained. The alternative of performing the measurements during one breath-hold would not have permitted the temporal resolution within the cardiac cycle that we considered necessary. Avoiding blurred images is probably more important when assessing the morphology of a suspected stenosis.
A problem with our velocity measurements was the rather high noise level in the flow curves, as illustrated by Figures 3-5 . Our visual impression is that a large part of the explanation lies in difficulties in delineating the cross-section of the arteries rather than in inherent signal-tonoise limitation in the images. Judging from the curves in other publications (28, 29) , this seems to be a common problem of the phase-contrast method. This was one of our major rationales for creating an analysis method less sensitive to noise in the curves. An alternative solution might be better algorithms for vessel segmentation.
The presence of gadolinium contrast media in the blood is not a requirement when measuring blood flow with MR. In this study, it is merely a consequence of the gadolinium-enhanced MR angiography that was performed before the flow measurements. We assumed that the presence of gadolinium in the subject's blood would not produce any substantial disturbance in the flow measurements, since the phase angle (which forms the base for the velocity measurement) is not expected to be affected. Possibly, it might even improve the signal-tonoise characteristics of the velocity data, as the amplitude of the MR signal is expected to increase.
The choice of a velocity encoding value (v enc ) of 200 cm/s was made in order to reduce aliasing. However, with adequate algorithms to compensate for aliasing in the postprocessing, lower v enc values might, in principle, yield more accurate results.
The mathematical model
The choice of the hyperbolic tangent (tanh) function as a base for the model was based on the visual appearance of a curve drawn trough the blood flow data points and not based on any physiological theory. The sigmoid appearance of the tanh function met our needs.
Furthermore, the parameters of the tanh function, such as amplitude and time-point for the ascent/descent could easily be coupled to corresponding characteristics of the renal blood flow profile. An alternative could be the error function (distribution function of the normal distribution), which shows a similar sigmoid form and can be fitted with the same parameters.
The mathematical model used in our study was designed with the intention to use a minimum of parameters but still make the model complex enough to describe the essential characteristics of the blood flow profile curve. These characteristics include base flow (diastolic flow) and the amplitude of the systolic peak as well as any delay or extended duration of either the ascending or descending part of the curve. As a postsystolic incisure has been described as a central finding (30) , this was also included in the model. Further studies are needed to evaluate the optimal design of the model. Future modifications of the model could include both a reduction and an increase in the number of parameters.
The error levels of the model and extracted parameters have not been tested in this study.
Tests of the fit performance and associated error levels could be made, e.g., by adding different levels of noise to simulated flow profile curves. However, this is beyond the scope of this study.
Model fitting
Three of our data sets yielded an R 2 value less than 0.80 and were considered unreliable for parameter extraction. This could be due to measurement errors when performing the examination, image quality issues or to errors when extracting flow data with the contour detection method. The data sets seemed to be too scattered to yield a curve that could be used for extraction of relevant parameters. However, this information could prove useful in future studies of the method.
Parameter analysis
The eight different parameters of the model (a through h) can be regarded as approximations of the different parts of the flow profile curve. These approximations are described in Table 1 and in Figure 2 .
The extraction of quantitative parameters from renal blood flow data has been suggested in a previous study by Schoenberg et al (29) . The parameter in that particular study was Rmax ½ , which is defined as the ratio of the first and second systolic maxima. However, the use of a mathematical model fitted to the entire renal blood flow curve is a different approach. It favors extraction of several parameters at once and can hopefully eliminate one source of measurement variability when assessing the hemodynamic significance of the stenosis. The sensitivity to noise in the curve is expected to be less when the extracted parameters are not determined by one or two values but by the entire curve.
Our blood flow profile curves differ slightly in the general shape compared to those of Schoenberg et al. This could be due to such factors as differences in image acquisition procedures or be due to the selection of our few cases. Whether these differences have any impact on the choice of model or the extraction of parameters needs to be further investigated.
In the mathematical model employed here, the baseline level, amplitude and time-point parameters (a, b, g, c, e and h) can be quite easily interpreted. The meaning of the duration parameters (d and f) is less intuitive. One way to express it is to say that a d-value of 100 ms corresponds to 90% of the ascent taking place in a time interval of 294 ms (and proportionally to this for other durations).
The curves based on mean parameter estimates in each group ( Figure 6 ) were included as an attempt to visualize any general differences in renal blood flow waveforms. The most obvious differences are a lower base flow level and a less steep acceleration phase in the stenotic vessels. This is another way of expressing the differences between the groups in a and b values (or the inclusion of a and d in the final logistic regression model) and is in line with observations in earlier studies (28, 30) . A decreased flow in diastole with progressing disease has also been found with ultrasound in conditions such as renovascular and essential hypertension (34) (35) (36) . The absence of a visible incisure in the mean curve, at least for healthy subjects, is probably due to superposition of several "dips" with varying delay (as illustrated by the large standard deviation of h)
In this study, no correlation between the flow curves and the clinical degree of renal artery stenosis was made. Such a correlation would be useful in further evaluation of the clinical relevance of quantitative parameter extraction.
In conclusion, the results from this study suggest that it is technically feasible to use a mathematical model to extract quantitative parameters describing the appearance of MR flow curves. However, further studies are needed to evaluate whether these parameters can be clinically useful as a component in diagnosing renal artery stenosis.
